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Abstract—Heart rate variability and motion artifact are two
major obstacles to the Photoplethysmographic (PPG) signal 
analysis, which is a very promising tool to derive useful
information about the hemodynamics as well as autonomic 
nerve system. This paper suggests employing a 
truncation/extrapolation method on the PPG signal or its first 
order derivative to overcome the heart rate variability problem
while extract a refined mean PPG pulse waveform. Meanwhile,
the cross-correlation detection method is employed to remove 
the motion artifacts. Test results indicate that the proposed 
approach can effectively enhance the signal to noise ratio of 
PPG waveform and therefore verify the effectiveness of the
proposed preprocessing scheme.

I. INTRODUCTION

ULSE oximetry is one of the most widely used monitoring
methods in various clinical settings, especially in

anesthesiology and in intensive care medicine, due to its total
non-invasive character and the easiness of handling. However, 
some of the most valuable information contained in
photoplethsmographic signal (PPG) recorded by pulse
oximeter has not been used in normal pulse oximetry. PPG
signal provides the information about the cardiovascular
dynamics and also reflects activities of the sympathetic and
vagus nerve. Parameters of various variability, including the
heart rate variability (HRV), the PPG base line variability

(PPG BV) and the amplitude variability (PPG AV), can be
derived from PPG. Besides, since pulse oximeter is normally
attached to the extremities, PPG signal contains not only the
information about the central but also the peripheral nerve 
activity. Therefore, PPG analysis seems of great significance
in a variety of clinical applications, such as the evaluation of
the status of the cardiovascular system, the indication of the
depth of anesthesia and the study of the characteristic of the 
anesthesia drugs. 
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The main difficulty to conduct a reliable PPG signal
analysis comes from its noise and interference incorporated 
nature. Fig.1 gives a schematic illustration of PPG signals.
Pulse oximeter emits two wavelength lights (red and near 
infrared) and detects the intensity of the transmitted or
reflected light corresponding to transmission mode or 
reflection mode. The reflected light thus will be partly
absorbed by blood, bones and tissues. As can be seen from
Fig.1, the PPG signal is composed of two major parts: the
pulsating component and the DC component. The pulsating
component is caused by the absorption due to the volume
change of the arterial blood at the measuring site, while the
DC component or the base line signal corresponds to the rest
absorption caused by non-pulsatile blood volume of arterial,
blood in veins, bones and other tissues. Generally, the
amplitude of pulsatile component is much lower than the 
amplitude of the base line, while the amplitudes of these two
components are also all affected by many physiological and 
pathological parameters such as perfusion, pigmentation,
oxygen saturation, and temperature, etc. Situation will be
even worth when blood perfusion at the measuring site is bad
or motion artifact presents in baseline. Fig.2 shows a segment
of a real PPG sample and the drift of base line due to motion.

Furthermore, the amplitude of the PPG signal is difficult to
calibrate as the intensity of emitted light is usually not exactly
known in normal pulse oximeter.

P

Fig. 1.  Schematic Diagram of PPG Signal 

Fig. 2.  A segment of a real PPG data 
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As such, the signal to noise ratio (SNR) of the PPG signal
is relatively low. An effective preprocessing procedure is thus
necessary to acquire a refined PPG pulse waveform before 
PPG analysis can be conducted. The following part of the
paper will present a novel preprocessing approach that can
enhance greatly the SNR of PPG signal, remove or reduce the
interference and motion artifacts, and preserve the major time
domain features of the PPG waveform such as the position
and the shape pattern of the dominant peak and the dicrotic 
notch.

II. TRUNCATION / EXTRAPOLATION METHOD

As far as the improvement of SNR is concerned, the key
point is to accumulate the signal energy coherently. For a
periodic signal, it is easy to perform accumulation by
properly segmenting the signal and then adding the segments
together. For PPG signal, however, the signal can never be 
strictly periodic because of the heart rate variability (HRV). 
Fig.3 shows a sample of overlaid one-pulse PPG waveform
plots with different heart rates from about 65 to 130 BPM.
Each plot in Fig. 3 is an averaged waveform of a group of
PPG pulse waveforms having nearly the same duration of
cardiac cycle. It can be seen from Fig. 3 that, in order to
accumulate the signal energy coherently, followed by slicing 
the PPG pulse to beats, the length of each cardiac cycle needs 
to be treated to become equal. 

Former researchers suggested normalizing the waveform
of each cardiac cycle on its time axis to solve this problem
[1,2], which means to normalize the length of each period to 
the mean interval of measured cardiac cycles. However, 
changing of HR has different effects on the systolic phase and 
diastolic phase in one cardiac cycle [3]. Correspondingly, for
a healthy heart, shortening of the descending part of the PPG 
pulse waveform is much significant than the shorting of the
ascending part when HR increases. As a consequence, this
normalizing method will be only valid for the case where the 
variation of HR is sufficiently small.

Further examination of Fig.3 also reveals that the tail of the
late descending part after dicrotic notch just decays 
monotonically with time, thus suggesting that there is no
significant information contained during the later descending

part. Moreover, it also shows that the position of the dicrotic
notch does not change too much when the HR changes,
although its height is lowed when the HR increases. (As long
as the HR is not too high, the dicrotic notch will not be
immerged into the dominant peak of next cardiac cycle). 
According to the existing physiological pulse wave 
propagation theory, the dicrotic notch is believed normally
caused by the pulse wave reflection in the total artery tree. 
Thus its position and shape may contain important
information about the overall hemodynamic properties of the
artery tree. As a result, to keep the position and the shape of 
the dicrotic notch unchanged is of great importance when
performing preprocessing.

As such, a reasonable approach is simply to truncate the tail 
when the real waveform is longer than the mean interval of 
cardiac cycles and to extrapolate the tail till its length equal to
the mean length when the waveform is shorter. For simplicity,
we will call this approach as truncation /extrapolation method
below.

The advantages of the proposed truncation/extrapolation
method are apparent. In spite of maintaining the main time
domain features of the PPG pulse waveform unchanged, 
especially the dominant peak and the dicrotic notch
non-smeared, it also guarantees that the accumulation of the 
signal energy can be performed more coherently than the
conventional normalizing method thus can yield higher signal
to noise ratios.

III. PREREQUISITE STAGES FOR ENHANCEMENT OF SNR
In order to perform the coherent accumulation of signal 

energy, several prerequisite stages are needed. They are: 
slicing the PPG signal beat by beat, removing the motion
artifacts, extracting the PPG pulse waveform and normalizing
its amplitude for each cardiac cycles. 

A. Slicing the PPG signal beat by beat
To cut the PPG signal beat by beat, the starting point of

each cardiac cycle must be located first. As one pulse of the 
whole cardiac cycle starts with the opening of the aortic valve
(some milliseconds after the R-wave of the ECG), this 
starting point will coincide with the valley point of the
corresponding PPG waveform. Due to the baseline shifting
and the amplitude variability, it seems rather difficulty to
search these valley points directly, as can be seen from Fig.2. 
Therefore, other approach needs to be appealed to. 

As the valley point and the dominant peak point of the PPG
pulse waveform will be mapped to a zero-crossing point each
on the first-order derivative of the PPG (dPPG) signal, the
above problem may be solved by using the dPPG signal.
Further examination indicates that all the derivatives between
these two zero-crossing points are positive while a unique
peak, which corresponds to the maximum change of the PPG 
waveform, will appear very close to the first zero-crossing
point. Therefore, once the peak point of the dPPG waveform
has been determined for each cardiac cycle, the valley point Fig. 3. Overlaid Waveform Plot of a Real PPG Pulse Signal 
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of PPG waveform can be located by searching the 
zero-crossing point of dPPG or by directly searching the
valley point of PPG within a short range just before the peak
point of the dPPG waveform.

The physical meaning of dPPG is the net artery blood flow.
Therefore, it contains almost the same information as PPG 
and thus can be used for waveform analysis. Let n be the
discrete time and t be the sampling interval, one
relationship between dPPG and PPG is as below:
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B. Extracting PPG Pulse Waveform
After the PPG signal has been cut beat by beat, extracting 

the PPG pulse waveform and normalizing its amplitude for
each cycle become straightforward. What we have to do is to
set the valley point value as 0 and to normalize the dominant
peak value as 1. At the same time, the DC component and the
absolute amplitude value of the dominant peak of the PPG 
waveform can also be obtained.

The slicing of dPPG signal can be conducted similarly. To 
prevent the peak shape from being smeared, however, it 
seems better to take the point located some fixed points
before the peak as the starting point instead of the first
zero-crossing point.

C. Removing motion Artifacts
Another important prerequisite work is to identify and then

to remove the motion artifacts. Theoretically, identifying the
motion artifacts can be done based on correlation detection
[4]. Correlation is a matching process; cross-correlation
refers to the matching of a signal with another signal. Thus, if
the waveform of some specific cycle does not match the
waveforms of other cycles or the averaged waveform, then 
this cycle is likely affected too much by motion artifact and 
should be excluded from further processing. Therefore, the
identification of motion artifacts can be conducted by
applying the cross-correlation-coefficient (CCC) criterion to
either PPG pulse waveform or the dPPG waveform.

A raw–averaged waveform is provided to act as a standard
waveform to simplify the CCC calculation. It is obtained
similarly by averaging the sliced waveforms after performing
truncation/extrapolation but it contains the contributions of

the waveforms affected by motion artifacts. Note that the
amplitude of each waveform should not be normalized when
getting this row-averaged waveform.

 The digital calculation for CCC is 
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where xi(n) denotes the i-th waveform after truncating or 
extrapolating, )(nx denotes the raw-averaged waveform and
N is the mean length of the involved measured cycles.

Figure 4 demonstrates how the CCC criterion is applied to
the dPPG to identify motion artifacts. In this figure, the length
of the vertical line at each cycle indicates the CCC value of 
that cycle with its position fixed at the last point of the cycle 
for ease of demonstration. This point is 15 points before the
next peak in this case. As can be seen from Fig.4, two CCC 
values in the middle are much lower than the others, thus
suggesting these two cycles very likely to be affected by
motion artifacts. 

After all these prerequisite stages finished, the appearance 
of the PPG pulse waveform will be similar to that shown in
Fig. 3, and the proposed truncation/extrapolation procedure
can now be readily employed to obtain a clean averaged 
waveform for further analysis.

IV. TEST RESULTS

The test data are obtained from a group of normal healthy
volunteers with the clipper sensor attached on the right index
finger. To generate a relatively large HR dynamic range, the
participants were asked to perform a cycling training
according to a predetermined schedule. As usually, the 
infrared (IR) channel data is used due to the better SNR as 
compared with the red channel data. The sampling rate is set
to be 83.38 Hz. 

As mentioned above, the dPPG signal contains almost the
same information as the PPG signal except for the DC 
component. Therefore, the comparison is simply made on the
dPPG signals. For dPPG signal, the preprocessing procedure
is composed of the following stages: 

1) Using  (1) to get dPPG signal;
2) Performing peak detection on dPPG;
3) Cutting dPPG into beats, where the starting point of 

each cardiac cycle is defined as about 11ms before the 
peak point (15 sample points for the given sampling
rate)

Fig. 4.  Identification of motion artifacts

4) Classifying each beat into several groups according to 
its cardiac cycle length; 

5) Applying truncating/extrapolating and normalizing
separately to each group; 

6) Getting the row average waveform of each group for 
two methods;
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7) Using (2) to evaluate CCC for each group; 
8) Removing the motion artifacts for each group based 

on CCC value;
9) Getting the average waveform again for each group,

extracting the peak value of each averaged waveform
and then normalizing the peak value of each 
waveform;

10) Getting the overall average waveform while the
absolute peak value can be obtained from the peak
values extracted in 9). 

If the preprocessing procedure is applied directly to PPG,
then the starting point of each cardiac cycle needs to be 
located by searching the valley point of PPG or the first
zero-crossing point of dPPG within a short range just before
the peak point of dPPG, as mentioned before. Besides, after
cutting the PPG waveform beat by beat, the DC part of the 
waveform can be obtained and separated by setting the value
of the starting point as 0 and then extracting the minus part of
the waveform. The other stages are similar to dPPG case. 

Figure 5 shows the resulting overlaid waveforms
corresponding to stage 9) of one volunteer’s for two methods,
where the cardiac cycle length is limited to greater than 490
ms (corresponding to HR < 122 BPM). As can be seen from
this figure, the proposed truncation/extrapolation method
provides better performance because the key time domain
features, i.e., the shapes of the peak and the dicrotic notch (the
second peak), are less smeared.

After deriving a group of pulse waveforms that have 
different heart rates from one volunteer, either normalization
method or truncation/extrapolation method is applied to make
the time-interval of all groups be equal. Then mean value of 
the Mean-Square-Error (MSE) between each pulse waveform
and the averaged pulse waveform can be used to measure the 
similarity of the waveform shapes from one volunteer at
different HR. The smaller the mean-MSE is, the more similar

the pulse waveform in the group.
The mean STD value of the sample distribution of 

mean-MSE for 20 volunteers is 0.0030 0.0025 for the
truncation/extrapolation method, while this value is
0.0059 0.0030 for the normalization method. A significant
difference between these two distributions is thus found, as 
paired student t-test indicates p<0.001. 

Figure 6 compares the position change of the dicrotic notch
of the dPPG, where each curve stands for this position of one 
volunteer. It is apparent that this position is relatively
unchanged for the truncation/extrapolation method when HR
changes, while a great change of this position is observed for 
the traditional normalizing method.
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Fig. 6.  position of the dicrotic notch of dPPG of two methods:
(a) Truncation/Extrapolation method;  (b) Normalizing method.

V. SUMMARY

Truncation/extrapolation method for PPG signal and its
first order derivative of PPG  keeps the similarity of the pulse
shape of PPG waveform better than traditional normalization
method for the original PPG signal when significant heart
rate variability exists. Together with the cross correlation
detection method to remove the motion artifact, the
suggested preprocessing of PPG signal increase the signal to
noise ratio and thus gives better performance than traditional
method.

(a)

(b)

Fig. 5.  dPPG waveform comparison of two methods
(a) Truncation/Extrapolation method; (b) Normalizing method.
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